Highly oriented pyrolytic graphite (HOPG) has been used as monochromators, analyzers and filters at neutron and X-ray scattering facilities for more than half a century. Interesting questions remain. In this work, the first observation of anomalous neutron 'halo' scattering of HOPG is reported. The scattering projects a ring onto the detector with a half-cone angle of 12.4
Introduction
In materials science, neutron scattering techniques have proven to be powerful tools to investigate the microscopic structure and dynamics of materials (Squires, 2012; GarciaSakai et al., 2012 , Wilson, 2000 . These nondestructive techniques provide unique structural information on a wide variety of materials. At both neutron and synchrotron facilities, highly oriented pyrolytic graphite (HOPG) has been used as monochromators, analyzers and filters (Riste & Otnes, 1969; Dorner & Kollmar, 1974; Shapiro & Chesser, 1972; Freund, 1985; Sparks et al., 1977 Sparks et al., , 1978 Ice & Sparks, 1990) . This lamellar material is composed of many crystallites (mosaics) with honeycomb-like graphene layers well aligned along their c axes, whereas their a axes are randomly oriented. The material is synthesized via heat treatment of carbon or by chemical vapor deposition at temperatures above 3373 K under high pressures. Different mosaic spreads that determine HOPG qualities can be obtained by varying the temperature, annealing time and deformation (Riste & Otnes, 1969; Dorner & Kollmar, 1974; Moore, 1973) . HOPG has also been used in imaging technology as a substrate and as model electrode materials for batteries (Persson et al., 2010; Jeong et al., 2001 Jeong et al., , 2002 Cohen et al., 1994) . Despite being extensively used and studied for more than half a century, HOPG has some features that have never been reported until recently (Cee et al., 1995; Feddes et al., 1998; Patel et al., 2012; Ohmasa et al., 2016) . One particular example is that Ohmasa et al. (2016) observed radial-streak patterns when they studied HOPG using smallangle X-ray scattering. The directions and appearance of these streaks changed with respect to the rotation of the samples, which was interpreted as double Bragg scattering.
During the course of an investigation into radiation damage in HOPG on the time-of-flight extended-Q small-angle neutron scattering (EQ-SANS; Liu et al., 2011) instrument at the Spallation Neutron Source (SNS) at ORNL, an unexpected ring feature of scattering was observed. This ring's cone angle did not scale with wavelength and the ring profile broadened in longer-wavelength frames. Subsequent measurements at the general purpose SANS (GP-SANS) and Bio-SANS instruments (both are fixed-wavelength instruments) (Wignall et al., 2012; Heller et al., 2014 Heller et al., , 2018 confirmed the observation. In all of these measurements, the HOPG sample was placed at the sample position instead of the monochromator position. At zero tilting angle, the c axis of the sample is in the same direction as the incident beam. The ring feature was further investigated by a series of measurements examining sample tilting, other similar layered materials, and graphite samples with different mosaic spreads and different degrees of radiation damage. Inelastic neutron scattering measurements using cold neutron spectrometers suggested that the ring arose from lattice dynamics coupled with 'Yoneda' scattering instead of conventional diffraction. Here, we report the details of these measurements and propose an explanation of the observed phenomena.
Results and discussion
Details of the materials used and the experimental setup are reported in the supplementary material.
In the measurements at EQ-SANS, the hexagonal lattice planes of the HOPG samples were normal to the incident beam direction except for the sample-tilting measurements, as shown in Fig. S1 (see supplementary material) . The 2D scattering patterns of a ZYA-grade HOPG sample collected with different wavelength bands are displayed in Fig. 1 . At the wavelength band of 1.0-3.0 Å , no ring feature is observed [ Fig. 1(a) ]. A weak ring emerges for the wavelength frames of 2.1-4.7 and 6.2-9.7 Å [Figs. 1(b) and 1(c)]. The cone angle of this ring appears not to scale with wavelength. Instead, the angle remains a constant of about 12.4
, while the ring seemingly broadens with increasing wavelength.
This neutron scattering 'halo' effect was further verified using GP-SANS and Bio-SANS, which have a monochromacy of $15%. ring broadening while the cone angle hardly changes when the wavelength is altered from 4.7 to 19 Å (Fig. 2) , clearly indicating that the ring does not solely originate from Bragg diffraction. Additionally, the images collected using wavelengths of 8 and 12 Å show vague but noticeable radial streaks, which we believe arise from the double Bragg scattering as reported by Ohmasa et al. (2016) . Line profiles reveal that the ring splits into a doublet with angular separation increasing with wavelength (Fig. S2) . The increase in wavelength also leads to the appearance of a secondary peak that corresponds to the fainter ring in the 2D images. While the location of this peak is seemingly independent of wavelength, the intensity of this peak relative to the primary one increases gradually as wavelength increases.
Other crystal materials with similar layered structures to HOPG were also examined to further check the nature of the ring. The 2D SANS images of ZYA grade HOPG, mica and single-crystal germanium taken at 4.7 Å and 1.7 m sampledetector distance with zero detector translational offset are displayed in Fig. S3 . The mosaics of these materials are all highly ordered along the c axis and disordered in the basal planes. Interestingly, the ring was observed only for the HOPG sample. Hence, we conclude that the ring reflects unique structural and dynamic features of HOPG samples.
The ring cone shifts in the same direction as the sample surface normal moves ( . This ratio significantly deviates from the value of 2 which is expected for Bragg diffraction. The linearity between the wavelength and the ratio suggests that this ring phenomenon could be used for wavelength calibration without the use of a chopper system. With 4.7 Å neutrons, the images show that the ring retains its circular shape with increasing sample-tilting angle and broadens on the low-angle side. Moreover, the image for the largest measured tilting angle (30 ) reveals that the ring is a doublet on the low-angle side. Only subtle broadening, however, is observed when tilting the sample with 19 Å neutrons.
As one would expect the ring 'width' does broaden with decreasing HOPG quality (Fig. S5 ). The FWHM obtained by fitting the peak using a Gaussian function increases exponentially with the mosaic spread. The ring appears in all HOPG samples including those with no previous exposure to the beam. It seems, however, that the ring is weakened if the samples are damaged by radiation. Fig. S6 presents 2D images from three samples that were exposed to different irradiation dose: 0, 4.88 and 6.82 displacement per atom from left to right, respectively. The sharp ring broadens and fades away for the samples with higher irradiation levels, which is attributed to the structural disorder induced by the radiation in the crystal.
The halo angle of 12.4 hardly changes with increasing wavelength from 4.7 to 19 Å (Fig. 2) , which rules out a pure diffraction interpretation. To better understand the origin of the ring cone observed in SANS, we performed elastic and inelastic neutron scattering measurements on the coldneutron triple-axis spectrometer (CTAX) at the High Flux Isotope Reactor and the hybrid spectrometer (HYSPEC) at SNS. In both inelastic scattering experiments, the sample was placed at the sample position as in the SANS measurements. When there is no tilting, the sample's c axis is parallel to the incident beam. The sample rotated about the vertical direction , indicating that the scattering related to the ring includes inelastic processes. Subsequently the analyzer was moved away and data were collected in two-axis mode, which in principle integrates over all low energies of scattered neutrons. Data at zero sample-tilting angle clearly show a peak at 12.4
. This peak shifts with the sample tilting. The observed sample-tilting-angle dependence of the peak position for two wavelengths, 4.0 and 4.5 Å , shown in the inset of Fig. 4(a) , is in a good agreement with that from SANS. The above results suggest the origin of the observed ring cone in SANS is not pure elastic but involves inelastic scattering. Fig. 4(b) shows the energy-transfer spectrum at room temperature as a function of transferred energy at i = 4.0, 4.5 and 5.0 Å , without sample tilt. The scans were taken at 12.4 , where the ring appears. The peak occurs in the energy-transfer range from 10 to 20 meV. The energy-transfer peak slightly shifts with the change of wavelength. The higher the incident neutron energy, the larger the energy transfer. The peak intensity of 4.0 Å at room temperature diminishes with reducing temperature, which is displayed in Fig. 4(c) . This provides unambiguous evidence that the lattice dynamics of HOPG should be one of the factors causing this ring because the thermal population factor of phonons decreases with decreasing temperature. By fitting the temperature dependence of the phonon peak area to the Bose-Einstein distribution, the energy of the related phonon excitation is expected to be around 20-30 meV, which is consistent with the energy spectra in Fig. 4(d) . Excitation energies of phonon modes are clearly altered by tilting the sample owing to the change in the wavevectors of the probed phonons [ Fig. 4(d) ].
The inelastic scattering measurement on HYSPEC suggests that the halo feature cannot be explained by pure phonon scattering. As shown in Fig. 5(a) for sample tilted at 30 , the feature has a distinct energy-momentum distribution in the measured dynamical structural factor, S(|Q|, E). Note that the measured dispersion relation in a time-of-flight spectrometer, such as HYSPEC, could be from either a single-event scattering process or a multiple scattering process.
Because the crystals in the measured HOPG samples are highly aligned along the c axis, it is possible to extract the longitudinal acoustic (LA) phonon dispersion along the [001] direction. This is done by mapping the 4D reciprocal space S(Q, E) by rotating the sample at 1 steps for 181 (more details in the supplementary material). From the 4D S(Q, E), 2D slices are made to show the data along high-symmetry directions. The slice in Fig. 5(b) illustrates the LA phonon dispersion along the [001] direction. The result is in very good agreement with prior work on HOPG (Dolling & Brockhouse, 1962; Wirtz & Rubio, 2004; Mohr et al., 2007) .
By integrating all angles in the 4D S(Q, E), it is possible to extract the average S(|Q|, E) and energy spectrum S(E), shown in Figs. 5(c) and 5(d), respectively. The kinematic limits of the scattering process allow only parts of certain Brillouin zones to be covered and the energy spectrum in Fig. 5(d) is heavily distorted by weighting. Nevertheless, the features observed in Fig. 5(d) , for example, the peak near 10 meV, agree quantitatively with the previous phonon measurements and calculations (Dolling & Brockhouse, 1962; Wirtz & Rubio, 2004; Mohr et al., 2007) .
The halo feature spans a large range of Q in the reciprocal space, crossing several Brillouin zones, as shown by comparing Figs. 5(a) and 5(b). This is clear evidence that the feature cannot be interpreted as a single-phonon scattering process. This conclusion is also supported by the mapping of reciprocal space in Figs Furthermore, the ring feature does not come close to any previous phonon measurements or calculations (Dolling & Brockhouse, 1962; Wirtz & Rubio, 2004; Mohr et al., 2007) . Also, the multi-phonon scattering process is extremely weak, estimated to be below 1% of the one-phonon scattering in this sample owing to the thin sample thickness, and cannot explain the strong halo ring.
Temperature-dependent neutron inelastic scattering measurements indicate unequivocally that the ring is related to lattice vibrations [ Fig. 4(c) ]. Although the ultimate cause of this anomalous halo phenomenon is still unclear, here we present our hypothesis with a combination of inelastic scattering and neutron reflection. The neutrons are scattered weakly owing to coherent inelastic scattering by thermally excited phonons, which provides the source for the subsequent reflection process. In most solids, the meV energy of acoustic phonons matches the energy of neutrons used in inelastic neutron scattering measurements, allowing this technique to determine the energy transfer during the scattering process (Placzek & Vanhove, 1954; Brockhouse & Stewart, 1955) . The thermal phonon scattering results in the neutrons going in all directions, although some directions are preferred depending on the details of the phonon dispersion relation.
The total reflection of neutrons from inelastic scattering by cracks along specific planes of HOPG produces the halo ring. The angle between the (101) plane or the ð 1 101Þ plane in the stacked graphene layers and the c axis of the crystallites is AE12.3
, as shown in Fig. 6(a) . This angle matches well with the halo angle within the instrument uncertainty. The Yoneda scattering, in which neutrons or X-rays are reflected by a rough surface at an angle slightly greater than the critical angle, will produce a peak (Yoneda, 1963; Nigam, 1965 , Guentert, 1965 Gorodnichev et al., 1988; Sinha et al., 1988) . Rotational symmetry of such a peak around the c axis in HOPG eventually gives rise to the perfect ring that we observe. The peak position, which is at $12.4 in this case with respect to the beam direction, is nearly independent of incident wavelength. However, increasing the wavelength results in ring broadening due to the increase in the critical angle of total reflection, which strongly suggests that the phenomenon involves a refractive process. One can calculate the critical angle via c ¼ ð=Þ 1=2 , where , the scattering length density of HOPG, equals 7.55 Â 10 À6 Å
À2
. The calculated critical angles for 4.7, 8, 12 and 19 Å are 0.42, 0.71, 1.07 and 1.69 , respectively. The observed doublet feature (Fig. S2) at long wavelengths can be explained as the Yoneda scattering by two opposite faces of cracks along the (101) plane or the ð 1 101Þ plane [ Fig. 6(b) ]. The wavelength of incident neutrons in the reflection process depends on the energy transfer in the first inelastic scattering process. Because the separated rings cannot be resolved for neutrons with wavelengths shorter than 4.7 Å after gaining energy because of the low instrument spatial resolution, a singlet is observed. Furthermore, upon cooling of the sample, the number of inelastically scattered neutrons drops dramatically, and thus the ring weakens and eventually disappears.
When the sample is tilted, the ring cone shifts nearly linearly with the tilting angle. The shift/tilt ratio is sensitive to the wavelength of incident neutrons (Fig. S4) . Interestingly, 4.7 Å neutrons exhibit different ring patterns from longer-wavelength neutrons (Fig. 3) : on the low-angle side the ring broadens and splits into a doublet, while the high-angle side of the ring fades. In addition, the doublet separation increases with increasing tilting angle. The separation reaches $2.4 at the 30 tilting angle. It is also noticeable that peak broadening occurs for 19 Å neutrons on tilting the sample, although it is not significant.
We took slices of the HYSPEC data with 30 tilting angle in terms of flight time of neutrons arriving at the detector (Fig. 7) . The neutrons with small energy transfer (3.61 to À10 meV) produce a strong signal near the direct beam without ring features, whereas the energy-transfer range of À10 to À15 meV shows weak background in a circular area on the detector. The ring feature appears when the energy transfer corresponds to the range À15 to À20 meV. Broadening and shifting in the same direction as the sample tilting are observed with the energy transfer ranging from À20 to À30 meV. In the energy-transfer range of À30 to À40 meV, however, the ring signal weakens. It is also noticeable that the ring becomes narrower on the lowangle side. The ring signal continuously weakens with higher energy transfers and it eventually disappears in the range of about À60 to À70 meV. The ring imperceptibly increases in size when energy exchange increases from À30 to À60 meV. Presumably the neutrons exchanging energy with different phonon modes fall into the acceptance angle of the subsequent total reflection, which is responsible for the increasing ring size. For uniaxial polycrystalline materials like HOPG, diffuse multiple scattering is very likely. Here, we shall limit our discussion to no more than two successive scattering processes although one cannot exclude the possibilities of higher-order diffuse multiple scattering in interpreting the anomalous ring. Diffuse scattering arises from both thermal diffuse scattering caused by lattice vibrations and elastic scattering due to crystal defects or crystal-surface truncation (Nisbet et al., 2015) . Thus, four possibilities of diffuse double scattering process exist: (i) inelastic-elastic process; (ii) inelastic-inelastic process; (iii) elastic-inelastic process; (iv) elastic-elastic process. Our explanation of the ring phenomenon using an inelastic surface scattering falls into the inelastic-elastic process, which explains the angle at which the ring appears. The inelasticinelastic process is excluded because it is extremely weak for thin samples. The elastic-inelastic process is possible, but it fails to explain the ring's angle; furthermore, it cannot explain the relationship between the ring shift and the sample tilting angle. A double Bragg diffraction belongs to the elastic-elastic process, which is ruled out on the basis of a few facts: Firstly, the ring persists at longer wavelengths; it is well known that coherent elastic scattering by crystalline materials cannot occur for neutrons with wavelengths that exceed twice the maximum interplanar spacing in the crystal. Secondly, the ring pattern is temperature sensitive. Finally, a double Bragg diffraction should show radial streaks instead of ring patterns as reported by Ohmasa et al. (2016) ; the streaks change their shape and direction with sample tilting.
Conclusion
In summary, we have observed an unexpected ring in the scattering pattern of HOPG. All the evidence we have so far suggests that the ring might be caused by the tandem effects of lattice vibration and Yoneda scattering in graphite. However, the intrinsic mechanism that leads to this ring is not fully understood at present. We expect that a wider range of energy, angular and temperature scans on both single-crystal graphite and HOPG as well as first principles calculations will provide more clues for completely solving this puzzle. This study also indicates that the lattice vibration of solids, especially crystals, can contribute significantly to the scattering signals, especially in the wide-angle range, and such contributions could be temperature and angle dependent. Knowledge of the existence of 'halo' rings is important and care should be taken in data analysis as they could be labeled as diffraction features. Beyond possible complications that the halo effect brings to data analysis, it may emerge as a promising tool for beam and sample alignments for neutron scattering instruments. Therefore, the effect reported could have considerable implications in materials and neutron optical subfields.
